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ghado_2006@yahoAbstract The frequency-dependent dielectric dispersion of ZnO–Na2O–Al2O3–B2O3 (in mol%)
glass prepared by the melt quenching technique is investigated in the temperature ranges from room
temperature to 420 K. Dielectric relaxation has been analyzed based on the behavior of electric
modulus behavior. An analysis of the real and imaginary parts of dielectric is performed assuming
the ideal Debye behavior as conﬁrmed by Cole–Cole plot. The activation energy associated with the
dielectric relaxation determined from the electric modulus spectra was found to be 1.863 eV, which
is close to that the activation energy for d.c. conductivity (1.871 eV), indicating the similar nature of
relaxation and conductivity.
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The potential of borate glasses in biomedical applications have
not been explored until recently [1,2]. The alkali-tetraborateesearch Society. Production
reserved.
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o.com (G.E. El-Falaky).glasses are commonly used materials in the ﬁeld of opto-
acoustical electronics, in nonlinear devices for frequency
conversion in the ultraviolet region, and piezoelectric actuator.
Meanwhile, these glasses and their crystalline counterparts are
considered to be good candidates for the optically induced
elastoopticity [3]. According to previous works [4,5], ZnO–
B2O3 glasses with low melting point are of special interest
owing to their applications in different ﬁelds of electronic
products, because the higher the polarizability of an ions, the
lower the melting temperature of the substances. Moreover,
the compounds containing cations with an outer electron shell
of 18 (Zn2þ) or 18þ2 electrons (Pb2þ, As3þ, Bi3þ) have lower
melting temperatures [6]. Boron oxide (B2O3) in its glassy
form is a laminar network consisting of boron atoms 3-fold
coordinated with oxygen which can form six-membered
boroxol rings (B3O6), as earlier reported by Krogh-Moe [7].
When an alkali oxide modiﬁes the pure boron oxide, the
additional oxygen causes a conversion from the trigonal boron
A.C. conductivity and relaxation dynamics in zinc–borate glasses 87atoms BO3 into 4-fold BO4 coordinated boron atoms. Each
BO4 structural group is negatively charged, and the four
oxygen’s are included in the network as bridging oxygen.
These units are responsible for the increase in the connectivity
of the glass network. It was reported earlier [8] that, in alkali
alumino borate glasses, no BO4 groups would ever be formed
since all of the oxygen atoms supplied by the alkali oxide,
would be used to form AlO4 groups with a ratio of one-to-one
alkali oxide to aluminum oxide. Therefore, insertion of Al2O3
into the sodium diborate glass composition (as the ratio
[Na2O]/[B2O3]¼0.5 [9–12]) will cause the decrease in the
formation of BO4 units with creation of non-bridging oxygen
atoms (NBOs) (i.e. a decrease in dimensionality of the network
structure) [13]. As a result, the degree of the structural
compactness and modiﬁcation of the geometrical conﬁgura-
tion in the glass network can vary with a change in the
composition [7,14].
Gaafar et al. [15,16] studied for adding the ZnO with x
mol% to the sodium borate glasses, and they found no more
generation of non-bridging oxygen atoms (NBOs) in glassy
network when ZnO content is higher than 35 mol%.
Though, a reasonably signiﬁcant number of recent studies on
the environment of zinc ions in a variety of borate glass systems
are available [17–22] including sodium borate glasses [23], most
of them are focused on structural investigations by Raman,
IR spectroscopic and Ultrasonic studies. Virtually, no studies
are available on dielectric properties of alumina sodium borate
glasses with ZnO content is higher than 35 mol%. The study of
dielectric properties such as dielectric constant (e ), loss tangent
(tan d) and a.c. conductivity (sa.c.) over a wide range of
frequency and temperature of the glass materials not only helps
in assessing the insulating character and understanding the
conduction phenomenon but also throws light on the structural
aspects of the glasses to a large extent.
In this paper, we investigate the electric relaxation proper-
ties of the 35ZnO–18Na2O–3Al2O3–44B2O3 (ZnaAlB) glasses
in a temperature range from room temperature to 420 K by
means of dielectric spectroscopy. The electric modulus form-
alism is applied to analyze the dielectric data. It is demon-
strated that this approach is a very effective in distinguishing
relaxation properties of the glasses.10 20 30 40 50 60 70 80 90
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Fig. 1 XRD pattern of the sample taken at room temperature.2. Experimental procedures
2.1. Glass preparation
The glass samples having the general chemical formula ZnaAlB
were prepared by the melt quenching technique. Required
quantities of Analar grade ZnO, Na2CO3, Al2O3, and H3BO3
were mixed by grinding the mixture repeatedly to obtain a ﬁne
powder. The mixture was melted in a porcelain crucible in an
electrically heated furnace under ordinary atmospheric condi-
tions at a temperature of about 1323 K for 2 h to homogenize
the melt. The obtained glass samples, from the melt quenching
into preheated stainless-steel mold were heat-treated at a
temperature of about 20 K below their calorimetric glass
transition temperature for 2 h to remove any internal stresses.
The obtained glasses were lapped, and two opposite sides were
polished for the dielectric measurements. The deviation in the
parallelism of the two opposite side faces was about 78 mm.Sliver paste electrodes were deposited on both faces of these
polished samples.
2.2. X-ray diffraction
X-ray scattering intensities measurements were recorded using
a Philip x-ray diffractometer PW/1710 with Ni-ﬁltered, Cu-Ka
radiation powered at 40 kV and 30 mA. The measurements
were carried out in a y/2y step-scanning operation with a step
0.031 2y in the ﬁeld 41o2yo901 in reﬂection geometry.
2.3. Dielectric measurement
The a.c. conductivity (sa.c.), dielectric constant (e) and dielec-
tric loss tangent (tan d) of the samples were measured in
frequency range (100 Hz–10 MHz) using a PM 6304 program-
mable automatic RLC (Philips) meter and temperature ranges
300–420 K as measured using ‘‘chrome alumel type k thermo-
couple’’ placed near the sample. All the dielectric data were
collected while heating at a rate of 5 1C min1.3. Results and discussion
3.1. X-ray diffraction
The amorphous nature of the samples was conﬁrmed by X-ray
diffraction (XRD), as shown in Fig. 1.
3.2. Dielectric behavior
The frequency dependence, of the real (e0) and imaginary (e00)
parts of dielectric constant of ZnaAlB as a function of
temperature is plotted in Fig. 2a and b, respectively. At the
temperature 360 K, dielectric constant gradually decreases with
increasing frequency with a value of 13 at 102 Hz. Increasing
the temperature, it increases apparently, which becomes even
more signiﬁcant at low frequency (below 105 Hz). The observed
increase in dispersion with the increased temperature suggests
that a.c. conductivity in ZnaAlB is a bulk effect. At elevated
temperature (4380 K), the dielectric constant at low is rather
high (422), and it falls against frequency at ﬁrst and then
becomes more or less stabilized down to above 105 Hz
(Fig. 2a). The low frequency dispersion in Fig. 2a indicates
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Fig. 2 (a) The frequency response of the dielectric constant (e0)
and (b) loss factor(e00) for ZnaAlB at different temperatures.
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Fig. 3 The Cole–Cole plot at 360 K.
G.E. El-Falaky et al.88the absence of any inhomogeneties arising owing to Maxwell
Wagner polarization.
Fig. 2b plots the frequency dependence of imaginary part of
dielectric constant (e00) at various temperatures, similar to the
dependence of dielectric constant on temperature. This shows
the thermally activated nature of the dielectric relaxation of
the system. For the quantities analysis of dielectric spectra the
Cole–Cole equation has been used [24]:
en ¼ e1
ese1
1þ ðiotÞ1a ð1Þ
Here, eN is the high frequency limit of the permittivity,
eSeN is dielectric strength, o¼ (2pf) is the angular frequency,
t is the mean relaxation time and a represents the distribution
of relaxation time. Fig. 3 depicts a Cole–Cole representative
plot for T¼360 K. It is evident from the plot that thesuppressed semicircle implies a deviation from purely Debye
process (for which a¼0).
The dielectric loss spectra obtained at various temperatures
did not show any loss peak in the 100 Hz–10 MHz frequency
range, typical of low-loss dielectric materials [25]. It is also
conﬁrmed that the low-loss materials show featureless dielec-
tric response, rather than loss peaks. When the dielectric
constant and the loss of a material increase exponentially at
low frequencies and high temperatures, it is difﬁcult to
distinguish the interfacial polarization and conductivity con-
tributions from that of the intrinsic dipolar relaxation.
The dielectric properties of materials can be expressed in
various ways, using different representations such as complex
permittivity en, complex modulus Mn, complex impedance Zn,
complex conductivity sn and complex resistivity rn. The complex
permittivity en consists of a real part e0 which represents the
storage energy and an imaginary part e00 which represents the loss
energy in the medium. Although in theory dielectrics are
considered to be perfect electrical insulators, when measurements
are performed it is usually non-trivial to separate the conduction
and polarization from each other at low frequencies f, where
ohmic losses inﬂuence the measurements. Therefore, any immit-
tance level representation (complex permittivity en, complex
modulus Mn¼(en)1, complex conductivity sn¼ (i eo eno) and
complex resistivity rn¼(sn)1) of a measurement, yields the
same information related to the material properties. Here,
eo¼8.854 pF m1 is the permittivity of free space (vacuum),
o¼2pf and i¼
ﬃﬃﬃﬃﬃﬃ
1
p
.
Noting this we can in general express the complex dielectric
permittivity en of a material as follows,
en ¼ e0ie00 ð2Þ
For example, a comparison of the complex dielectric permittiv-
ity en and complex electric modulus Mn representations allows us
to distinguish local dielectric relaxation. Based on values of the
activation energy and the characteristic relaxation time, it is
possible to ascribe a given process to speciﬁc mechanism.
We have adopted the modulus formalism to study the
relaxation in ZnaAlB glasses. From physical point of view,
the electric modulus corresponds to the relaxation of the electric
ﬁeld in the materials when the electric displacement remains
constant. The usefulness of the modulus representation in the
analysis of the relaxation properties was demonstrated for both
vitreous ionic conductors [26] and polycrystalline ceramics [27].
The deﬁnition of the dielectric modulus is expressed as:
Mn ¼M0 þ JM00
¼M1  1
Z 1
0
dtþ expðiotÞðdfðtÞdtÞ
 
ð3Þ
where, the function f(t) gives the time evolution of the electric
ﬁeld within the dielectrics. The real and imaginary parts of the
complex modulus are expressed in terms of the imaginary and
the real parts of the dielectric constant:
M0 ¼ e
0
ðe0Þ2 þ ðe00Þ2
 
and M00 ¼ e
00
ðe0Þ2 þ ðe00Þ2
 
ð4Þ
Based on Eq. (4), we have changed the form of presentation
of the dielectric data from e0(o) and e00(o) to M0(o) and
M00(o), respectively. Variations of the real and imaginary parts
of the electric modulus at different temperatures (300–420 K)
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Fig. 4 Frequency dependence of the (a) real (M0) and (b)
imaginary (M00) part of electric modulus for ZnaAlB glasses.
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Fig. 5 Dependence of the most probable frequency obtained
from the frequency dependent imaginary part of the electric
modulus curves for ZnaAlB glasses. The crosses are the experi-
mental point and the solid line is the least squares straight-line ﬁt.
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Fig. 6 (a) The behavior ofM00/M00max at various temperatures and
(b) modulus master plots for ZnaAlB at different temperatures.
A.C. conductivity and relaxation dynamics in zinc–borate glasses 89are shown in Fig. 4a and b, respectively. From M0 graph,
it shows that whatever be the temperature, the value of
M0(o) reaches a constant value at higher frequencies. At low
frequencies, M0 and M00 approaches to zero indicating that the
electrode polarization phenomenon make a negligible contri-
bution to Mn and may be ignored when the electric data has
been analyzed in this form. The M00(o) spectrum relative to a
given temperature shows an asymmetrical peak approximately
centered in the dispersion region ofM00(o). The left part of the
peak corresponds to long range mobility and the right part of
the peak is attributed to ions spatially conﬁned in narrow
potential wells. The frequency range where the peak occurs
indicates the transition between long and short range mobility
and is deﬁned by the condition octc¼1 [28], where tc is the
most probable relaxation time of ions. The M00(o) peak height
is found to be nearly identical at different temperatures, and it
is observed to shift to a higher frequency with increasing
temperature. The peak in M00 variation corresponds to the
relaxation frequency and the corresponding relaxation time is
systematically shifted to higher frequencies as the temperature
increases. As convenient measure of the characteristic relaxa-
tion time, one can be chooses the inverse of frequency of the
maximum peak position tm¼om1. Where, om corresponds to
the frequency of the peak position of M00 in the M00 versus f
(Hz).Thus, we can determine the temperature dependence of
the characteristic relaxation time as shown in Fig. 5; it clearly
suggests that the relaxation time follows the Arrhenius
equation and it is expressed as:
tm ¼ toexp
Ea
kBT
 
ð5Þ
where t0 is the pre-exponential factor, Ea is the activation
energy, kB is the Boltzmann constant and T is the absolutetemperature. The activation energy Ea obtained from the
linear ﬁt is 1.863 eV. The value suggests that oxygen ion
migration takes place via hopping mechanism at high tem-
peratures [29,30].
Fig. 6 shows the normalized plot of M0/M00max versus f/fmax
of the modulus for ZnaAlB at different temperatures. The
approximate over-lap of the modulus curves for all tempera-
tures indicates the dynamical processes occurring at different
frequencies are independent of temperature. The observed
broad peak is assigned to the summation of relaxations
occurring in the bulk materials. The full width at half height
obtained is greater than the Debye type of relaxation
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Fig. 8 Frequency dependence of (a) real (Z0) and (b) imaginary
(Z00) parts of impedance for ZnaAlB at different temperatures.
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G.E. El-Falaky et al.90with single time constant is attributed to the presence of strong
ion–ion interaction. The observed normalized plot is non-
symmetric in agreement with the non-exponential behavior of
the electrical function described by non-exponential decay
function or Kohlrausch–Williams–Watts (KWW) parameter
(b) [31], which is expressed as:
fðtÞ ¼ expðt=toÞb; 0obo1 ð6Þ
where to is the characteristic relaxation time, the function f(t)
gives the time evolution of an electric ﬁeld. The stretched
exponential parameter decreases with an increase in the
relaxation time distribution. When, b-1 indicates the ideal
Debye single relaxation and b-0 corresponds to the max-
imum interaction between the ions [28].
Fig. 7 shows the temperature dependence of b. The b,
values obtained in the 300–420 K temperature range are less
than unity, and are dependent of temperature indicating that
the interaction between the charge carriers is affected by the
temperature variation.
To showy the frequency dependent conductivity behavior of
the ZnaAlB glasses at various temperatures, the real and
imaginary parts of complex impedance are plotted against the
frequency, which are shown in the Fig. 8a and b respectively.
At lower temperatures, Z0 decreases with increasing the
frequency (Fig. 8a) up to a certain frequency (105 Hz), and
subsequently becomes frequency independent. Fig. 8b shows
the variation of Z00 with frequency at various temperatures. Z00
at each temperature exhibits a relaxation peak whose peak
frequency fm shifts toward higher frequencies with increase in
temperature and follows the Arrhenius law. The activation
energy of 1.792 eV is obtained by plotting a graph between the
relaxation time and the temperature in Fig. 9a. This suggests
that the relaxation is temperature dependent, and it is not a
single relaxation time. Fig. 9b shows the normalized plot of
Z00/Z00max and f/fmax of the impedance for ZnaAlB at different
temperatures. The entire spectrum collapses into a single
master curve implying that the same relaxation mechanism is
active in the entire temperature range.
In ideal system, the peak maximum of Z00 and M00 is found
at the same frequency, and the shape of the peaks is identical
with that predicted by Debye theory [32]. To understand the
Debye behavior of the prepared glass samples, Z00/Z00max and
M00/M00max at 380 K have been plotted in Fig. 10. It is observed
that the Z00max and M00max occur at the same frequency which
represents a similar distribution of relaxation times. However,
the Z00/Z00max and M00/M00max peaks in Fig. 10 do not perfectly300 320 340 360 380 400 420
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Fig. 7 Variation of Kohlrausch parameter b with temperature.
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Fig. 9 (a) The Arrhenius plot of the relaxation times of
impedance as a function of temperature and (b) Impedance
master plots for ZnaAlB at different temperatures.
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Fig. 10 Frequency dependence of the normalized M00/M00max and
Z00/Z00max peaks for ZnaAlB glasses.
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Fig. 12 Temperature dependence of d.c. conductivity (sdc) at
frequency 300 kHz for ZnaAlB. The crosses are the experimental
point and the solid line is the least squares straight-line ﬁt.
A.C. conductivity and relaxation dynamics in zinc–borate glasses 91overlap, suggesting that there are contributions from both
the long range and localized relaxation mechanisms to the
dynamic process occurring at different frequencies.
3.3. Conductivity
A.C. conductivity at different frequencies and temperatures
was determined by using the dielectric data using the following
formula:
sa:c: ¼oeoDe00 ð7Þ
where sac is the a.c. conductivity at frequency o (2pfpf), o is the
angular frequency and e00 is the imaginary part of the dielectric
constant. The a.c. conductivity data at various temperatures
as a function of frequency are shown in Fig. 11a. The a.c.conductivity, in general increases with increasing the frequency
at all temperatures under investigation. At the low frequency
region, the enhancement of conductivity with frequency may be
attributed to the interfacial impedance or space – charge
polarization [33,34]. This behavior is well-known in amorphous
systems and has been attributed to the distribution of relaxation
times arising from the disorder [35]. However, the conductivity in
the 300–420 K temperature range at high frequencies (105 Hz) is
almost independent of temperature.
The activation energy for the a.c. conductivity was calcu-
lated from the plot of ln (sac) versus 1000/T for ZnaAlB
glasses, which is shown in Fig. 11b. The plot is found to be
linear and ﬁtted using the following Arrhenius equation:
sa:c:ðTÞ ¼ soexp
EaC
KT
 
ð8Þ
The activation energy calculated from the slope of the ﬁtted
line is determined to be 1.861 eV.
In order to elucidate the electrical transport mechanism in
ZnaAlB glasses, d.c. conductivity at different temperatures
(sd.c.(T)), was calculated from the electric modulus data.
The d.c. conductivity could be obtained according to the
expression [36]:
sd:c:ðTÞ ¼
eo
M1ðTÞ  tmðTÞ
bðTÞ
Gð1=bðTÞÞ
 
ð9Þ
where eo is the free space dielectric constant, MN(T) is the
reciprocal of high frequency dielectric constant and tm(T)
(¼1/2pfm) is the temperature dependent relaxation time. The
activation energy for the d.c. conductivity obtained from the
above expression (Eq. (9)) was calculated from the plot of ln
(sd.c.) versus 1000/T for ZnaAlB glasses, which is shown in
Fig. 12. The plot is found to be linear and ﬁtted using the
following Arrhenius equation:
sd:c:ðTÞ ¼ soexp
EDC
KT
 
ð10Þ
where so is the pre-exponential factor, EDC is the activation
energy for the d.c. conduction. The activation energy calcu-
lated from the slope of the ﬁtted line is found to be 1.871 eV.
The activation energy (d.c. conduction and relaxation) that are
obtained unambiguously suggest that similar energy barrier
G.E. El-Falaky et al.92are involved in both relaxation and conduction processes. This
value of activation energy is higher than that of the value
associated with d.c. conduction in Na2B4O4 glasses [37]. At
higher alkalis content, more number of non-bridging oxygens
(NBOs) are formed which yield an open structure of the
borate network [38]. The ZnaAlB glasses, with high content of
ZnO, where zinc ions have been substituted for boron ions as
tetrahedral network former ions, consequences, the change in
the coordination of boron which, reduction of the coordina-
tion number of B(4)O and shows the increase of 3ZnO–B2O3
trigonal structure with no more creation of non-bridge oxy-
gens (NBOs)[16]. The environment around Naþ is changed
due to variation in the coordination number and NBOs. Such
structural changes have important inﬂuence on the mobility
of Naþ ions. The Naþ mobility increases in the presence
of NBOs.4. Conclusions
The frequency and temperature dependence of dielectric
properties of ZnaAlB glasses were investigated in the fre-
quency range of 100 Hz–10 MHz. The dielectric relaxation
peak was observed in the frequency dependent dielectric loss
plots whose magnitude had electrode materials dependence.
The ideal Debye behavior of these glasses was rationalized
using Cole–Cole equation. Frequency dependent electrical
data were analyzed in the framework of the conductivity
and modulus formalism. The stretched exponent b is a variant
with the temperature. The study of the conductivity shows
that the conductivity at high temperature is ionic in nature and
resulted from the motion of oxygen ions. The activation
energy associated with the dielectric relaxation determined
from the dielectric and electric modulus spectra was found to
be 1.863 eV, which is close to that the activation energy for
d.c. conductivity (1.871 eV).Acknowledgment
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